INTRODUCTION {#SEC1}
============

Low O2 tension (hypoxia) is a characteristic feature of pathophysiological conditions such as cancer. The rapid and uncontrolled growth of a tumor outgrows its blood supply, leaving certain regions of the cancer mass greatly deprived of the necessary oxygen intake, causing a substantial alteration of their metabolism. Hypoxic microenvironements in solid tumors lead, in fact, to the activation of several cellular pathways, such as AKT and VEGF ([@B1]), altering the activity not only of several coding transcripts but also of non-coding genes, such as microRNAs (Kulshreshtha *et al*., 2007).

MicroRNAs (miRNAs) are endogenous, non-coding RNA molecules, ∼22 nt long, found in eukaryotes and capable of negatively regulating gene expression at the post-transcriptional level. They represent a dominant class of small RNAs in most somatic tissues and play important regulatory roles in most biological pathways ([@B2]).

miRNAs originate from longer precursor transcripts called primary miRNAs (pri-miRNA) ([@B3]), processed in the nucleus into a transitional hairpin-shaped form (pre-miRNA) ([@B4]). Once exported into the cytoplasm, pre-miRNAs are cleaved into mature miRNAs ([@B5]). Specifically, each arm of a pre-miRNA (−5p and −3p) encodes a potential mature sequence, nevertheless only one is predominantly loaded into the RNA-induced silencing complex (RISC) ([@B6]). In the RISC, the mature miRNA sequence allows interaction with the 3′-untranslated region (3′-UTR) of mRNA targets through canonical binding, namely, a partial sequence complementarity mediated by a 6--8 nt long region at the 5′ end of the miRNA called the 'seed', thus exerting its regulatory function via inhibition of protein translation or degradation of the mRNA.

A single mRNA can be targeted by several miRNAs, and a single miRNA might target hundreds of mRNAs, thus producing so-called miRNA networks ([@B7]) that modulate the translation of a large fraction of the transcriptome ([@B8]). In fact, it has been shown that miRNAs are involved in a plethora of biological processes, including development and differentiation ([@B9]), cell cycle control ([@B10]), metabolism ([@B11]) and apoptosis ([@B12]). It is thus not surprising that the perturbation of miRNA networks can lead to the onset of diseases such as metabolic disorders ([@B13]), neurodegenerative diseases ([@B14]), as well as cancer ([@B15]). In the last decade, the emergence of a large number of studies making use of platforms for the global assessment of miRNA expression has enabled the identification of specific miRNA signatures characteristic of specific cancer types and subtypes ([@B16]), along with their specific oncogenic aberrations ([@B17]).

In the last few years, the advent of high-throughput sequencing (HTS) technology has led to a radical improvement in the accuracy and sensitivity of cancer specifications in comparison with previous expression profiling techniques, especially in relation to the detection of non-coding RNAs ([@B18]). HTS technology is gradually becoming essential, especially in the genome-wide identification and investigation of polymorphisms occurring in miRNA seed regions (MSRs) as well as within target 3′-UTRs, phenomenons that can disrupt miRNA function in many human diseases, including cancers ([@B19]--[@B23]) (<http://compbio.uthsc.edu/miRSNP/>) ([@B24]).

Though previously primary emphasis was on genetic variants to elucidate biological pathways perturbed in human cancers, recent focus has shifted toward post-transcriptional modifications, such as RNA editing. RNA editing is a post-transcriptional mechanism that alters the sequence of primary RNA transcripts. A-to-I (Adenosine-to-Inosine) RNA editing is the most prevalent type of RNA editing in mammals, and is mediated by members of the family of adenosine deaminases acting on RNA (ADAR) ([@B25],[@B26]), which bind double-stranded RNAs (dsRNA) ([@B27],[@B28]), deaminating adenosine (A) to inosine (I), which in turn is interpreted both by the splicing and translation machineries as guanosine (G) ([@B29]). A-to-I RNA editing events can occur in both coding and non-coding RNA molecules, such as miRNAs ([@B30],[@B31]), with 10--20% of unique sequences potentially able to undergo A-to-I RNA editing ([@B30],[@B32]) at the pri-miRNA level ([@B33]). While pri- or pre-miRNA modifications, such as A-to-I editing, outside the mature sequence may change both the maturation ([@B34]) and the expression of miRNAs ([@B33]). Editing by ADAR1 in pri-miR-455 at the +2 and +17 positions were reported to reduce the ability to bind to Drosha and then be processed into mature miR-455-5p in human melanocytes ([@B35]). Negative regulation of ADAR1 expression mediated by CREB in metastatic melanoma cell lines leads to an increase in expression for miR-455-5p and, consequently, to the suppression of CPEB1, which in turn enhances melanoma growth and metastasis in vivo ([@B35]). ADAR1 regulates the expression of several miRNAs essential for differentiation and neural induction in human embryonic stem cells by acting as an RNA-binding protein ([@B36]). Another editing-independent activity of ADAR1, namely, the suppression of miR-222 with consequent immune resistance of melanoma cells, has also been discovered ([@B37]). On the other hand, through a global study of ADAR1 binding, it was observed that there may be a possible competition with DGCR8 in pri-miRNA binding in the nucleus ([@B38]). Moreover, modulation of miRNA editing and expression by ADAR2, as well as its tumor-promoting function, were reported ([@B39]). Finally, modification events occurring in the mature sequence, particularly in the seed region, could affect target recognition and modify miRNA function ([@B24],[@B40]). Indeed, a single editing site in a MSR could drastically alter the set of mRNA targets ([@B41]).

While RNA editing has been associated with many biological processes ([@B25],[@B26]), including hypoxia ([@B42]--[@B44]), this has not yet been established for miRNA editing. To investigate potential variation in miRNA editing activity in relation to environmental stimuli, we have analyzed small RNA-seq (sRNA-seq) data obtained from an experiment examining over time a hypoxia-treated breast cancer cell line, focusing specifically on miRNA post-transcriptional modifications occurring in the seed region, with particular attention to A-to-I editing events. Results have indicated, for the first time, how the hypoxic state is accompanied by a significant change over time in miRNA editing activity. Finally, by integrating variations in gene expression along with target prediction, we investigated the potential new roles which environmental factors play on the editing of the seed region in miRNAs, thus resulting in the alteration of their respective targetomes. We have thus detected an association between miRNA editing and fundamental biological pathways linked to hypoxia.

MATERIALS AND METHODS {#SEC2}
=====================

Data sets used {#SEC2-1}
--------------

We considered the sRNAseq data sets from Camps *et al*. ([@B45]) deposited in GEO (GSE47602), comprising a time-course (16, 32, 48 h) small RNA expression profiling of breast adenocarcinoma cell line MCF-7 exposed to hypoxia (1% Oxygen), along with small RNA expression profiling of cells from the same cell line maintained in normoxic conditions (21% Oxygen). We generated all data from RNA samples obtained from two biological replicates for each experimental condition (normoxia, 16 h hypoxia, 32 h hypoxia, 48 h hypoxia).

We also considered normalized data on mRNA expression from three biological replicate samples for each of the same experimental conditions as deposited by Camps *et al*. ([@B45]) in GEO (GSE47533).

Detection and analysis of miRNA editing events {#SEC2-2}
----------------------------------------------

We detected miRNA editing events from the sRNAseq data by employing the computational approach implemented by Alon and Eisenberg ([@B46]).

Briefly, we filtered all reads according to a read quality ≥20 in more than three positions. In addition, we removed sequences identified as 5′ or 3′ adaptors. Subsequently, we also removed reads whose length did not fall within the typical length range for a mature miRNA (16--27 bases).

We applied the Bowtie software (v1.1.2) ([@B47]) to align the filtered and trimmed reads against the human genome (UCSC hg19/GRCh37), allowing one mismatch at most, while trimming the last two bases of the read ([@B48]) (Bowtie parameters: -n 1 -e 70 -a -m 1 -best -strata -trim3 2). We then mapped the total resulting number of reads against the known pre-miRNA sequences (miRBase, release 21) ([@B49]). All nucleotide positions in each mature or miRNA\* were screened for mismatches that were overrepresented considering the expected sequencing error rate of 0.1% (as consequence of applying a Phred score filter of \>30) ([@B41]). We accomplished this by applying the binomial cumulative distribution on the counts of each sequenced nucleotide. We applied a very permissive expression filter, as we took into consideration any miRNA against which more than five reads were aligned. Then, we applied a Benjamini--Hochberg false-discovery rate of 5% ([@B50]) (Benjamini and Hochberg 1995), to detect statistically significant modifications, which were subsequently filtered of known single nucleotide polymorphisms (dbSNP build 142).

The editing motifs in the bases flanking the A-to-I editing sites detected, as well as sequence preference in the bases opposing the A-to-I editing sites, were created using the WebLogo tool ([@B51]).

For each of these modification events, we calculated the average modification levels (AMLs) in each condition as the average of the modification levels of each replicate.

We calculated a Pearson\'s correlation for the series of AMLs (as in each condition) and the series of linear fold-changes (at each time point relative to normoxia control ([@B45])) for each modification event/miRNA pair, by using the function cor.test in the stats R package.

The significance of the differences between editing levels of different time points during hypoxia progression was assessed through a Wilcoxon signed rank test by employing the function wilcox.test in the stats R package, and considering all putative A-to-I editing sites for each time point.

Prediction of WT and ED miRNA targetomes {#SEC2-3}
----------------------------------------

We predicted binding sites for WT and ED miRNA on the whole 3′UTR-ome (UCSC.hg19) through a consensus of four miRNA target prediction tools: miRanda (v3.3a) ([@B52]), TargetScan (v7.0) ([@B53]), PITA (v6.0) ([@B54]) and miRiam ([@B55]), our in-house tool, enhanced with the scoring function described in ([@B56]). Standard parameters were employed for the tools miRanda, TargetScan and PITA. miRiam\'s parameters were set to detect canonical binding sites only (6mer, 7mer-A1, 7mer-m8 and 8mer), allowing no mismatches in the seed (e.g. wobble pairs). miRiam\'s scoring function is based on the combination of the tree-based multiple linear regression learning system M5P with CTree and takes into account six different features of miRNA/target interactions: type of seed match, miRNA nucleotide composition, pairing of the 3′ region of the miRNA, AU content of the binding site and its flanking regions, structural accessibility of the binding site and presence of AU Rich Element (ARE) and Cytoplasmic Polyadenylation Element (CPE) motifs upstream of the binding sites.

We created the Venn diagrams that represent the intersection between the sets of predicted mRNA targets for the WT and ED miRNAs by using the R package VennDiagram.

mRNA differential expression and WT\\ED miRNA targets functional enrichment analyses {#SEC2-4}
------------------------------------------------------------------------------------

We performed differential expression analysis of microarray gene expression data from publicly available data set GSE47533, in each time-point by using the R/Bioconductor package Limma ([@B57]). *P*-values were used to rank all genes, retaining those under a significant threshold of 0.01 adjusted *P*-value (BH) ([@B50]) and included in at least one of the targetomes of the mature miRNAs (WT and ED) affected by the 4 statistically significant A-to-I editing events analyzed above, for further functional enrichment analysis. Furthermore, as control for the enrichment analysis, we considered the remaining DE genes not included in the predicted targetome of the edited or unedited miRNA in question.

We performed functional enrichment analysis on the retained set of differentially expressed (DE) genes in each time-point by employing the software integrated pathway analysis (IPA) by Ingenuity. Settings used included experimentally observed data for human species, specifically, pathways exclusively associated to the MCF-7 cell line.

Cell culture, transfection and chemicals {#SEC2-5}
----------------------------------------

Cells were seeded and grown in RPMI (A549) or DMEM (HeLa) with 10% fetal bovine serum (FBS), L-glutamine and antibiotics (Invitrogen, Carlsbad, CA, USA). All the transfections were performed by using Lipofectamine 2000 (Invitrogen) as suggested by the manufacturer. A549 and HeLa cells for Western blot assay were cultured to 80% confluence in six-well plates and transfected with 100 nmol of miRNAs or negative control in a serum-free medium without antibiotics, after 6 h the medium was replaced with a complete grown media. The cells were harvested after 48 h. HeLa cells transfection for luciferase assay is described below.

Luciferase assay {#SEC2-6}
----------------

We used the luciferase reporter constructs described in another work ([@B58]). We introduced mutations in hsa-miR-27a-3p-ED binding sites on the MET construct by using the QuikChange Mutagenesis Kit (Stratagene, La Jolla, CA, USA). We seeded HeLa cells in 12 well plate and after 24 h transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), 1.2 µg of pGL3control containing EGFR, MET or MET mutants, 200 ng of Renilla luciferase expression construct. After 24 h from transfection, we lysed and assayed cells with Dual Luciferase Assay (Promega) according to the manufacturer\'s instructions.

The mutagenesis primers used are:

Met27ed mutFw 5′-gaccaatggcctgcagcaacactcctgtcata-3′

Met27ed mutRv 5′-tatgacaggagtgttgctgcaggccattggtc-3′

Western-blot analysis {#SEC2-7}
---------------------

A549 and HeLa cells were seeded and grown in appropriate media with 10% FBS in six-well plates for 24 h before the transfection, 48 h after which we washed cells with cold phosphate buffered saline and subjected them to lysis in lysis buffer (50 mM Tris-HCl, 1 mM EDTA, 20 g/l SDS, 5 mM dithiothreitol, 10 mM phenylmethylsulfonyl fluoride). Equal amounts of protein lysates (50 µg each) and rainbow molecular weight marker (Bio-Rad Laboratories, Hercules, CA, USA) were separated by 4--20% SDS--PAGE and then electrotransferred to nitrocellulose membranes. The membranes were blocked with a buffer containing 5% non-fat dry milk in Tris-buffered saline with 0.1% Tween-20 for 2 h and incubated overnight with antibodies at 4°C. After a second wash with Tris-buffered saline with 0.1% Tween 20, the membranes were incubated with peroxidase-conjugated secondary antibodies (GE Healthcare, Amersham, Pittsburg, PA, USA) and developed with an enhanced chemiluminescence detection kit (Pierce, Rockford, IL, USA).

Antibody used for Western-blot analysis and RNA extraction {#SEC2-8}
----------------------------------------------------------

MET was obtained from Cell signaling (\#4560), EGFR from Santa Cruz (\#Sc-03), Tubulin from Sigma (\#T6199). Total RNA was extracted with TRIzol solution (Invitrogen, Carlsbad, CA, USA), according to the manufacturer\'s instructions.

Q-real-time PCR (Q-rt PCR) {#SEC2-9}
--------------------------

For the detection of single-target a-miRs, we performed quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) by using a standard TaqMan PCR Kit protocol on an Applied Biosystem 7900HT Sequence Detection System (Applied Biosystems, Carlsbad, CA, USA). For the TaqMan qRT, the 10 µl PCRreaction included 0.67 ml RT product, 1 ml TaqMan Universal PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA), 0.2 mM Taqman probe, 1.5 mM forward primer and 0.7 mM reverse primer. The reactions were incubated in a 96-well plate at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. All reactions ran in triplicate. The threshold cycle (Ct) is defined as the fractional cycle number at which the fluorescence passes the fixed threshold. The comparative Ct method for relative quantization of gene expression (Applied Biosystems, Carlsbad, CA, USA) was used to determine miRs expression levels. The y-axis represents the relative expression of the different miRs expression was calculated relative to U44 rRNA. We carried out experiments in triplicate for each data point, and performed data analysis by using software tools (Bio-Rad Laboratories, Hercules, CA, USA).

RESULTS {#SEC3}
=======

Systematic identification of miRNA-sequence modifications in human breast cancer cells during a time-course of exposure to hypoxic conditions {#SEC3-1}
---------------------------------------------------------------------------------------------------------------------------------------------

The advent of high-throughput sequencing technology has considerably improved the exploration of the transcriptome. HTS has, indeed, allowed a more precise analysis of differential expression under different conditions and the detection of different types of sequence modifications in transcripts, such as those caused by RNA editing. Recently, Camps *et al*. studied in depth the regulation of miRNA expression in the human breast cancer cell line MCF-7 during hypoxia ([@B45]), identifying 41 and 28 miRNAs significantly up- and down-regulated, respectively. Leveraging on their published data (GEO reference: GSE47534; miRNA-seq: GSE47602), including sequences of a small RNA library for HTS originating from biological duplicate RNA samples for each experimental condition (normoxia, 16, 32 and 48 h hypoxia), to investigate the presence of post-transcriptional modification events in miRNA mature sequences and evaluate such changes as they occur in the hypoxic cellular context. To systematically identify such events, we have employed the Alon--Eisenberg pipeline ([@B41],[@B46]) (see Supplementary Figure S1 and Material and Methods section), currently the only method for accurate detection and quantification of canonical and non-canonical editing sites in mature miRNAs from HTS data ([@B59]). We identified a total of 31 statistically significant modification sites in 21 different miRNAs, with 7 sites previously known (see Supplementary Figure S2). Interestingly, 83% of A-to-G events (10 of 12) occurred in seed regions compared to 37% of non A-to-G events (7 of 19), as shown in Supplementary Table S1 and Supplementary Figure S3. Since post-transcriptional A-to-G modifications are mostly expected to be the result of A-to-I editing ([@B29]), it is of relevant importance to observe a significant incidence of such modifications in the miRNA seed region. This reveals how the A-to-I editing phenomenon may preferentially occur in the miRNA seed region under hypoxic cellular conditions, thus causing significant shifts in the miRNA targetome ([@B24],[@B40]).

The discovery of these A-to-I editing sites in pre-miRNAs (Supplementary Figure S4) was further supported by the presence of specific editing motifs near the sites, detected by neighborhood profiling, in line with previous studies ([@B60],[@B61]). As shown in Supplementary Figure S5A, changes to nucleotides C and U are over-represented upstream of the edited site, while G is under-represented upstream and over-represented downstream of the edited site, as previous studies have established ([@B62],[@B63]). The nucleotide opposing the editing site is U (see Supplementary Figure S5B), as previously documented ([@B41]).

Levels of miRNA modifications in the seed region change during hypoxia {#SEC3-2}
----------------------------------------------------------------------

Given the lack of substantial knowledge on the matter, we sought to determine whether the level of miRNA modification events changes during a dynamic cellular context, such as in a hypoxia time course, and whether such changes are proportionally associated to miRNA expression or not. To accomplish this, we considered only those miRNA modification events occurring in the seed region in both biological replicates to assure robustness to our analysis. Such was the case for 7 of the statistically significant modification events, 5 of which are A-to-G (all in MSRs) (Figure [1](#F1){ref-type="fig"}).

![Average modification levels have been calculated for each replicate in normoxia and in each hypoxia time point. (**A**) The colors used for the rows are summarized in the 'volume' icon on the left of the table in the figure, with green representing low levels and red representing high levels. Fold-changes (in linear scale) for each microRNA at each time point relative to normoxia control have been reported as obtained by Camps et al. ([@B45]) (clear rows). Pearson\'s correlation (r), with relative *P*-value, was calculated between the average modification level and the linear fold-change for each miRNA. (**B**) Plotting of observed average modification levels over time-course for each selected A-to-I edited miRNA.](gkw532fig1){#F1}

The AMLs of the majority of miRNAs affected (5 out of 7) generally increased with time of exposure to hypoxia (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}), a result which is in line with relatively recent findings where higher post-trascriptional modification rates in coding genes are detected under increased exposure to hypoxia ([@B42],[@B43],[@B64]). Nevertheless, we also observed decreased (e.g. A-to-G modifications in miR-421) and null levels (e.g. non A-to-G modifications in miR-425-5p) of the editing activity. To relate the level of modifications with differential expression under hypoxia, we calculated Pearson\'s correlation (Figure [1](#F1){ref-type="fig"} and Material and Methods section) for the AML in each condition and the linear fold-change obtained at each time point relative to normoxia control ([@B45]). Interestingly, there is no significant correlation among the AMLs and the linear fold changes shows that miRNA seed sequence modifications are at least not positively correlated with miRNA expression (Figure [1](#F1){ref-type="fig"}). This suggests that the trend of the miRNA seed sequence modification phenomenon does not follow miRNA expression during dynamic cellular changes, such as those occurring during progressive hypoxia. Additionally, in order to specifically assess the significance of the differences between editing levels of different time points during hypoxia progression, we performed a Wilcoxon signed rank test considering all putative A-to-I editing sites for each time point, as presented in Figure [1A](#F1){ref-type="fig"}. Results have shown a significant increase in editing levels only between the 16 h and 48 h hypoxia time points (*P*-value \< 0.05).

miRNA targetome changes due to A-to-I seed region editing during hypoxia {#SEC3-3}
------------------------------------------------------------------------

To estimate the impact of editing on miRNA function during hypoxia progression, we selected to investigate A-to-G miRNA modifications, as these are expected to be the result of A-to-I editing. Specifically, we decided to consider all A-to-I editing events (Figure [1A](#F1){ref-type="fig"}, Supplementary Figure S3) occurring within MSRs (6-mers comprising nucleotide positions 2--7 corresponding to the seed region, thus excluding hsa-miR-27a-5p whose putative A-to-I editing site occurs in position 1), extended by nucleotide position 8 (in order to also take into account offset 6-mer sites comprising nucleotide positions 3--8), as the fundamental role of the 6-mer seed sequence in the miRNA--mRNA interaction has been widely documented ([@B65]). A single editing site in the MSR could determine important changes, as shown in Supplementary Figure S6. In fact, by comparing edited miRNA seed regions with their un-edited references ([@B49]), there are two possible scenarios for an edited miRNA: either it is modified into a new miRNA (acquiring an entirely unprecedented seed sequence) or its seed sequence is modified into that of another known human miRNA (Supplementary Figure S6).

Subsequently, in order to compare the target sets of the wild type (WT) and edited (ED) versions of each miRNA, we performed a robust binding site prediction analysis on gene 3′-UTRs with a consensus of four miRNA target prediction tools, namely, miRanda ([@B52]), TargetScan ([@B53]), PITA ([@B54]) and miRiam, our in-house tool, enhanced with our recently developed scoring function which takes into account both sequence and structure features ([@B55],[@B56]). The prediction tools we employed consider seeds when evaluating target genes, *starting from a 6-mer* MSRs within nucleotide positions 2--8 (as stated above and as the established norm for miRNA target prediction tools). Any modification occurring outside such MSRs, under such paradigm, would thus not imply any change in the predicted targetome, contributing, at best, to a strengthening or weakening of an already established potential binding site.

In line with previous studies, we performed target predictions for A-to-I edited miRNAs by considering inosine as guanosine ([@B41],[@B66]). In fact, inosine can bind cytidine with approximately the same energy as guanosine, while the binding of inosine to uridine is weaker than that of guanosine. Moreover, unlike guanosine, inosine can bind weakly to adenosine ([@B67]). As shown in Figure [2](#F2){ref-type="fig"}, the sets of predicted mRNA targets of the WT and A-to-I ED miRNAs respectively, overlap with an average of 19%, a surprisingly larger percentage compared to the 3% known so far ([@B41]). These results are consistent with a very recent study ([@B68]), in which Hill *et al*. have demonstrated that a single nucleotide substitution in positions 2--8 of a mature miRNA can determine a targetome shift \>60--70%. In fact, the considered editing events may lead to an average loss \>60% of mRNA targets for WT miRNAs when edited. In particular, we predicted drastic changes for miR-27a-3p and miR-421, suggesting alteration of their functions.

![Venn diagrams of predicted mRNA target sets for the WT and A-to-I ED miRNAs.](gkw532fig2){#F2}

In light of previous reports which proved that the seed of miR-27a-3p possesses binding matches in the 3′-UTR of human MET (nucleotide 1564--1571; NM_000245) and human EGFR (nucleotide 200--207 and nucleotide 430--436 NM_005228) ([@B58]), we decided to employ this knowledge to validate our target prediction. Moreover, the choice of miR-27a-3p has allowed us to validate our prediction results in relation to two specific and confirming contexts: that of complete loss of targeting (as with miR-27a-3p ED on EGFR) as well as that of replacement of an old binding site with a new one (as with miR-27a-3p ED and MET) (Supplementary Figure S7).

To verify that MET was still a direct target of miR-27a-3p ED, we cloned the MET 3′ UTR containing the predicted WT and ED binding sites for miR-27a-3p, into the pGL3 control vector, downstream of the luciferase open reading frame (ORF) (Figure [3A](#F3){ref-type="fig"}). Transfecting HeLa cells with WT and ED miR-27a-3p, respectively, together with the MET 3′-UTR luciferase construct, resulted in a significant inhibition of luciferase activity in both cases as compared to the negative control, confirming our prediction (Figure [3B](#F3){ref-type="fig"}). To determine that miR-27a-3p ED was not affecting the MET 3′-UTR by nonspecific binding to the miR-27a-3p WT binding site, we performed deletion of this predicted binding site within the MET 3′-UTR (Figure [3A](#F3){ref-type="fig"}). As shown in Figure [3C](#F3){ref-type="fig"}, miR-27a-3p ED could still regulate the luciferase expression of MET 3′-UTR, despite the mutation of miR-27a-3p WT binding site. Subsequently, we mutated by deletion the predicted binding site for miR-27a-3p ED on the MET 3′UTR (Figure [3A](#F3){ref-type="fig"}). As shown in Figure [3C](#F3){ref-type="fig"}, miR-27a-3p ED was no longer able to repress the luciferase expression of MET 3′-UTR with miR-27a-3p ED binding site mutated. That proves the binding site of the ED version of the miRNA to be the only functional one, confirming our prediction. We also predicted that miR-27a-3p ED would no longer be able to directly target the EGFR 3′-UTR, as shown in Supplementary Figure S7. To validate this prediction, we co-transfected HeLa cells with both miR-27a-3p ED and the EGFR 3′-UTR containing both the WT and ED miR-27a-3p binding sites, previously cloned into the pGL3 control vector downstream of the luciferase ORF. As a result, we noted that miR-27a-3p ED could not inhibit the luciferase activity of the EGFR 3′ UTR compared to negative control (Figure [3D](#F3){ref-type="fig"}). In addition, the over-expression of miR-27a-3p ED reduced the endogenous MET level but could no longer reduce the endogenous EGFR protein level in A549 and HeLa cells compared to control (Figure [3E](#F3){ref-type="fig"}, [F](#F3){ref-type="fig"} and Supplementary Figure S8). We confirmed the increased expression of WT and ED miR-27a-3p in transfected cells by RT-qPCR (Figure [3G](#F3){ref-type="fig"}). We also confirmed the EGFR expression trend in the hypoxic samples in which the above miRNA editing analysis was performed. The EGFR expression shown in Figure [3H](#F3){ref-type="fig"} shows its increase during the hypoxia time course. These results thus confirm our target predictions as displayed in Figure [2](#F2){ref-type="fig"}, while also specifically showing that the increase in A-to-I editing of miR-27a-3p is in accord with increased EGFR expression during hypoxia.

![Effects of A-to-I miRNA seed editing on targeting. (**A**) c-MET 3′ UTR binding sites for miR-27a-3p, ED (yellow spot) and WT (blue spot), along with corresponding deletions (lightening bolt). (**B**) Luciferase assay for pGL3-MET 3′ UTR WT construct co-transfected with miR-27a-3p WT, miR-27a-3p ED or negative scramble miRNA control (Scr) in HeLa cells (error bars: ±). (**C**) Luciferase assay for pGL3-MET 3′ UTR WT/mut and pGL3-MET 3′ UTR ED/mut constructs co-transfected with miR-27a3p ED or negative control (Scr) in HeLa cells. (**D**) Luciferase assay for pGL3-EGFR 3′ UTR WT construct co-transfected with miR-27a-3p WT, miR-27a-3p ED or negative controls (Scr) in HeLa cells. (**E** and **F**) c-MET and EGFR expression by western blot in A549 cells transfected with miR-27a-3p ED, miR-27a-3p WT or negative control (Scr) and harvested after 48 h, with graphs for c-Met/Tubulin or EGFR/Tubulin ratio quantification. (**G**) qRT-PCR of WT and ED miR-27a-3p respectively after miR transfection in A549 cells as control for Figure [3E](#F3){ref-type="fig"} and [F](#F3){ref-type="fig"}. (**H**) EGFR expression as in ([@B45]).](gkw532fig3){#F3}

miRNA editing is in line with dynamic phenotype alteration {#SEC3-4}
----------------------------------------------------------

The hypoxia-Inducible Factor 1 (HIF-1), a key factor in cellular hypoxia response, is known to regulate specific genes and influence several cellular pathways ([@B69]). For instance, the VEGF and PI3K/Akt pathways are closely associated with the hypoxic condition and are activated during this cellular process ([@B70]--[@B72]).

After having analyzed the RNA-seq data, we proceeded to perform differential gene expression analysis on microarray data also provided by Camps et al. (GEO reference: GSE47534; mRNA: GSE47533) ([@B45]), originating from the same hypoxia time-course samples. We then applied statistical significance filtering, by considering only genes which were differentially expressed with an adjusted *P*-value below 0.01. Subsequently, at each time point, for each miRNA with A-to-I editing events occurring in their MSRs (2--8 nt seed region) we isolated their predicted targets as present in the DE gene set (namely, the set of targets exclusive to the WT and ED versions, respectively, as well as shared targets); on the other hand, we also considered the DE genes which were not predicted to be targets of either version of the considered miRNA, as depicted in Figure [4A](#F4){ref-type="fig"}. We thus performed an MCF7-specific functional enrichment of both subsets of genes by Ingenuity Pathway Analyzer software. Finally, we focused on hypoxia-related pathways, such as VEGF and PI3K, to evaluate how the miRNA editing phenomenon globally behaves in relation to these pathways during the hypoxic time course, by confronting the set of targets of the WT miRNA with the set of targets of its ED version, using as control all those DE transcripts which were not predicted to be targets of either version. Our data clearly shows how A-to-I editing of the MSR of these miRNAs translates into a diminished ability to target key genes involved in these two important pathways throughout the full time course of the observed hypoxia process (Figure [4B](#F4){ref-type="fig"}, Supplementary Figure S9 and Supplementary Table S2). Our results unprecedentedly show that A-to-I miRNA editing is not a merely random phenomenon, but rather a molecular mechanism that, specifically through miRNA seed mutation events, is in line with important biological processes.

![Functional enrichment of differentially expressed targets. (**A**) General scheme representing the functional enrichment workflow: differentially expressed genes with a significant adjusted *P*-value (BH \< 0.01) in each hypoxia time point relative to normoxia were separated according to whether or not belonging to predicted miRNA targetome (WT or ED) for each miRNA, followed by MCF7-specific functional enrichment by Ingenuity Pathway Analyzer (IPA) software. (**B**) IPA analysis on VEGF and PI3K/Akt pathways in MCF7 cell line. Graphs show -log (*P*-value) over time course for both WT (purple) and A-to-I ED (green) predicted miRNA targets. Bars represent the level of significance for the indirect involvement in the considered pathways for WT and A-to-I ED miRNAs, respectively. *P*-values represent the significance of the set of target genes (which and how many) involved in a given pathway for each miRNA (WT and ED, respectively). The red dotted line represents the significance threshold level (-log(p), where *P* = 0.05).](gkw532fig4){#F4}

DISCUSSION {#SEC4}
==========

Until recently, miRNA editing has been at the center of a debate concerning its purpose and even its very occurrence. After several reports attempted to shed light on the matter, discordant opinions and widespread scepticism on the topic seem to have started to fade in favor of affirming the existence of such biological phenomenon ([@B41],[@B73]). Additionally, all studies conducted on the matter have investigated miRNA editing under static cellular states, performing a comparison analysis between fixed pathological (i.e. cancerous) and normal conditions ([@B39]). This type of study provides insights on on *what* changes without elucidating *how* miRNA editing behaves.

Recently, the advent of innovative bioinformatics approaches have allowed for an unprecedentedly precise evaluation of miRNA editing events from deep sequencing data ([@B41],[@B46]). Combining such novel methodologies with the nature of HTS technology, has, for instance, presented the opportunity to investigate the phenomenon under specific cellular states over time, providing a dynamic view which is necessary for a more informative analysis and understanding of the phenomenon of RNA editing.

In the present study, we have indeed applied the recently published bioinformatics pipeline devised by Alon and Eisenberg to time course sRNA-seq data originating from MCF-7 breast cancer cells cultured under hypoxic conditions, to globally analyze the miRNA editing phenomenon in a dynamic cellular context. Indeed, the main core of our work focuses on evaluating how the miRNA editing activity varies in relation to hypoxia progression, and, secondly, to elucidate how this phenomenon globally relates to cellular changes. As we have observed, the general miRNA seed region modification level varied significantly as well as proved to be significantly independent from miRNA expression during the hypoxic time course.

Our research thus sought to specifically investigate three possibilities regarding the phenomenon: miRNA editing could have indeed displayed a collective behavior which resulted in line with, contrary to, or independent of the cellular response to external factors. In order to accomplish this, we focused on editing events occurring in the MSR as it is fundamental for targeting effectiveness and specificity ([@B65]). Target prediction for both WT and ED miRNAs was followed by experimental validation. Interestingly, functional enrichment analysis of four putative A-to-I edited miRNAs revealed a common trend during hypoxia. In fact, according to our observations as presented in Figure [4](#F4){ref-type="fig"}, we have detected a collective alignment of the targetome shifts for all four MSR-edited miRNAs which were predicted to no longer target key genes of hypoxia-related pathways such as VEGF and PI3K/AKT, as summarized in Supplementary Figure S9 and Table S2. This shows a global disinterest of miRNA editing in affecting hypoxia-related pathways. This does not necessarily signify that miRNA editing, due to very low editing levels, plays an active role, rather that there is a *non-random* trend of disinterest. Future studies on other tissue and cellular contexts more quantitatively informative for the editing phenomenon (i.e. glioblastoma) could provide further confirmation on the matter. Nonetheless, our goal is to establish a novel and more appropriate approach of investigation of this largely unexplored phenomenon, with regards to its behavior in relation to functional cellular changes. This allows to elucidate how the fine-tuning miRNA editing activity locates itself within the life of the cell, especially in light of external stimuli.

The current study is also the first to investigate the biological behavior of miRNA editing within a global and dynamic context, with the hope of providing new elements to further elucidate the cellular role of this biological phenomenon in the near future. The dynamic dimension of our study is, in our view, essential to better assess the nature of the molecular phenomenon. In addition to clarifying its purposeful existence, we were able to successfully relate miRNA editing to a biological condition such as hypoxia, along a time frame. It should be noted that hypoxia represents but a limited instance of a much wider panorama, in which miRNA editing could be considered as a component of a response mechanism employed by the cell to rapidly shift the miRNA targetome according to contextual needs, especially in reaction to stressful external factors. The evidence that emerges from our functional data shows, indeed, how the transformation (editing) of certain miRNAs is associated with the cellular response to hypoxic stimulus. Additionally, despite the low editing levels, we do not intend to focus on the editing of a single miRNA, rather consider the phenomenon globally so to evaluate its collective effects and behavior. Adding a temporal dimension to the study of this phenomenon provides a quantity and quality of information on *how* the cell responds to cellular changes. Specifically, miRNA editing has thus shown to align itself to cellular needs and thus, potentially contribute to cell economy. In fact, instead of transcribing novel miRNAs, the cell can more easily leverage on the already existing population.

Unfortunately, lack of proper investigation of editing events in the seed region of miRNA binding sites on mRNAs, and of editing affecting pre-miRNA maturation due to limitations in current technology, do not yet allow for a more comprehensive and detailed evaluation of the phenomenon. Nevertheless, our results provide a foundation for further elucidation of miRNA editing, giving a direction to future innovative investigation of its biological importance and potential involvement in physiological and pathological cellular changes.
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